Objectives: Delayed antimicrobials are associated with poor outcomes in adult sepsis, but data relating antimicrobial timing to mortality and organ dysfunction in pediatric sepsis are limited. We sought to determine the impact of antimicrobial timing on mortality and organ dysfunction in pediatric patients with severe sepsis or septic shock. Design: Retrospective observational study. Setting: PICU at an academic medical center. Patients: One hundred thirty patients treated for severe sepsis or septic shock. Interventions: None. Measurements and Main Results: We determined if hourly delays from sepsis recognition to initial and first appropriate antimicrobial administration were associated with PICU mortality (primary outcome); ventilator-free, vasoactive-free, and organ failure-free days; and length of stay. Median time from sepsis recognition to initial antimicrobial administration was 140 minutes (interquartile range, 74-277 min) and to first appropriate antimicrobial was 177 minutes (90-550 min). An escalating risk of mortality was observed with each hour delay from sepsis recognition to antimicrobial administration, although this did not achieve significance until 3 hours. For patients with more than 3-hour delay to initial and first appropriate antimicrobials, the odds ratio for PICU mortality was 3.92 (95% CI, 1.27-12.06) and 3.59 (95% CI, 1.09-11.76), respectively. These associations persisted after adjustment for individual confounders and a propensity score analysis. After controlling for severity of illness, the odds ratio for PICU mortality increased to 4.84 (95% CI, 1.45-16.2) and 4.92 (95% CI, 1.30-18.58) for more than 3-hour delay to initial and first appropriate antimicrobials, respectively. Initial antimicrobial administration more than 3 hours was also associated with fewer organ failure-free days (16 [interquartile range, 1-23] vs 20 [interquartile range, 6-26]; p = 0.04).
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Conclusions: Delayed antimicrobial therapy was an independent risk factor for mortality and prolonged organ dysfunction in pediatric sepsis. (Crit Care Med 2014; 42:2409-2417) Key Words: antimicrobial; critically ill children; delay; mortality; sepsis; timing T he sepsis syndrome remains a major cause of morbidity and mortality in pediatrics. Over 75,000 children are hospitalized with severe sepsis in the United States each year at $4.8 billion in healthcare costs (1) . For critically ill children with sepsis admitted to a PICU, mortality is 10-20% (2-6). Antibiotic therapy is a central component of treatment for sepsis. The Surviving Sepsis Campaign recommends administration of empiric antimicrobial therapy within 1 hour of recognition of severe sepsis or septic shock in adult and pediatric patients (7) . This recommendation is based on data that delayed antimicrobial administration is associated with mortality in critically ill adults with sepsis (8) (9) (10) (11) (12) .
The impact of time to antimicrobial administration on mortality for pediatric patients with severe sepsis or septic shock is not clear. Several studies evaluating sepsis bundle implementation in the pediatric emergency department (ED) have shown decreased time to antimicrobial administration, but improved mortality has not yet been established (13, 14) . Given the many goals of initial resuscitation for patients with severe sepsis and septic shock, including IV access, collection of blood cultures and other laboratory tests, and fluid resuscitation, it is important to understand where to prioritize antimicrobial administration. Furthermore, despite unproven benefit in pediatric patients, early antimicrobial administration is increasingly being used as a quality metric (15) (16) (17) (18) . Data are therefore needed to justify, and potentially motivate, compliance with this recommendation in pediatric centers.
We sought to test the hypothesis that delayed administration of antimicrobial therapy is associated with increased mortality and prolonged organ dysfunction in patients treated for severe sepsis or septic shock in a PICU.
METHODS Population
We conducted a retrospective analysis of patients treated for severe sepsis or septic shock in an academic PICU from February 2012 through January 2013. Patients eligible for this study were identified as having severe sepsis or septic shock on a daily sepsis screening algorithm. Two investigators (S.L.W., J.C.F.) reviewed each positive screen to ensure that patients met criteria for severe sepsis or septic shock as defined by the International Pediatric Sepsis Consensus Conference (19) . Consensus criteria define severe sepsis as 1) greater than or equal to 2 age-based systemic inflammatory response syndrome criteria, 2) confirmed or suspected invasive infection, and 3) cardiovascular dysfunction, acute respiratory distress syndrome, or greater than or equal to 2 organ system dysfunctions. Septic shock is defined as the subset of patients with cardiovascular dysfunction. Appropriate patients were then entered into a sepsis registry. The Institutional Review Board at The Children's Hospital of Philadelphia (CHOP) approved this research under a waiver of informed consent.
Inclusion criteria were 1) entry into the sepsis registry, 2) recognition and initial therapy for sepsis in the CHOP ED, PICU, inpatient ward, or operating theater, and 3) treatment in the PICU for severe sepsis or septic shock. Patients transferred from other facilities with sepsis were excluded because timing of initial interventions could not be consistently determined. For three patients with more than one episode of severe sepsis or shock, only the last episode was analyzed to limit misclassification bias.
Data Collection
Clinical data, such as laboratory values and medication administration start times, were directly populated into the sepsis registry from the electronic health record using locally developed computer algorithms. The accuracy of the automated data abstraction process has been previously described (20) (21) (22) . Data elements available as text fields (e.g., radiograph results) were extracted by manual review. Variables included demographics, comorbid conditions, source of infection, microbiology, laboratory results, antimicrobial administration, treatment on the institution's clinical pathway for management of severe sepsis and septic shock, mechanical ventilation, use of vasoactive infusions, PICU length of stay (LOS), and vital status at PICU discharge. We used the Pediatric Complex Chronic Conditions score to classify comorbid conditions (23) . We used published criteria to define organ system dysfunction (19) , which was monitored for 28 days. Severity of illness was determined by the Pediatric Index of Mortality (PIM)-2 (24) and the Pediatric Logistic Organ Dysfunction scores (25) . Definitions for source of infection were adapted from published criteria (26) .
Antimicrobial administration was considered appropriate if the patient received an antimicrobial to which all identified microorganisms had in vitro sensitivity or, for cases where no pathogen was identified, the antimicrobials were consistent with local guidelines for empirical management of the likely source of infection causing sepsis (8, 10, 27) . We calculated the time between sepsis recognition and administration for both the initial and first appropriate antimicrobial agents. The time of sepsis recognition was defined as triage time for patients presenting to the ED or the first "sepsis-related" intervention for patients initially treated outside the ED (i.e., PICU, inpatient ward, or operating theater). "Sepsis-related" interventions included the clinician's order for antimicrobial therapy, blood culture collection, IV fluid bolus, or transfer to the PICU (28) . We selected time of sepsis recognition because the Surviving Sepsis Campaign recommends administration of empiric antibiotics within 1 hour of recognition of severe sepsis or septic shock (7) . In pediatrics, sepsis recognition is also likely to precede onset of hypotension (14) . Consequently, we determined that time from sepsis recognition would provide a clinically relevant baseline. For ED patients, sepsis recognition was defined as triage time because a previous study reported similar findings when considering delays in antibiotics from either ED triage or qualification for early goal-directed therapy (EGDT) (10), there is a precedent for this baseline in a prior study of a pediatric sepsis protocol (13) , and this time was felt to be objective and practical to apply in a clinical setting.
Outcomes
The primary outcome was PICU mortality. Death occurring in the PICU is more likely to be related to the episode of severe sepsis or septic shock, whereas mortality measured at later time points is increasingly contaminated by deaths unrelated to sepsis (29, 30) . Secondary outcomes were PICU LOS following sepsis recognition and the number of days from sepsis recognition through day 28 free from use of dopamine greater than or equal to 5 μg/kg/min or any dose of epinephrine, norepinephrine, dobutamine, phenylephrine, vasopressin, or milrinone (vasoactive-free days), non-elective invasive or non-invasive mechanical ventilation (ventilator-free days), or presence of any organ system dysfunction (organ failure-free days) (29) .
Statistical Analysis
Statistical analysis was performed using STATA (Version 12.1, College Station, TX). Descriptive data are presented as medians with interquartile ranges (IQRs) for continuous variables and frequencies with percentages for categorical variables. The Wilcoxon rank sum and Fisher exact tests were used to compare continuous and categorical variables, respectively. We first used logistic regression to compare PICU mortality in patients administered antimicrobials at hourly time cutoffs for both initial and first appropriate antimicrobial administration (8, 10, 27) . We then used multivariable logistic regression to assess potential confounding effects of select clinical variables on the association of delayed antimicrobial administration with mortality. Covariates were selected a priori based on biological plausibility, data availability, and prior studies (8, 10, 27) . Potential confounders were included in the model one at a time, and those that changed the base model odds ratio (OR) by 10% or greater were considered to be true confounders (31) . We also constructed a propensity score using logistic regression to account for clinical variables that demonstrated an association with delayed antimicrobial administration. We included 
RESUlTS
One hundred thirty patients met inclusion criteria-27 (21%) with severe sepsis and 103 (79%) with septic shock. Patient characteristics are shown in Table 1 . Sixty-four patients (49%) received initial treatment for severe sepsis or septic shock in the ED, and 66 (51%) received initial treatment in an inpatient setting. A source of infection was evident in 83% of cases ( Table 2) , and a microbial pathogen was identified in 72% ( Table 3) . Forty patients (31%) were treated on the institution's clinical pathway for management of severe sepsis and septic shock (ED 50% vs inpatient setting 12%). The median PICU LOS after sepsis recognition was 9 days (IQR, 4-17 d), vasoactive-free days were 26 (24-28), ventilator-free days were 20 (5-28), and organ failurefree days were 19 . Overall PICU mortality was 16 of 130 patients (12%). Fourteen of the 16 deaths were directly attributable to sepsis; two deaths were hastened by sepsis but attributed to chronic lung disease of prematurity (Supplemental Table 2 , Supplemental Digital Content 2, http://links.lww.com/CCM/B7). All patients were treated with antibiotics; 6% and 5% were also treated with initial antiviral and antifungal therapy, respectively. No patients died prior to receiving antimicrobial therapy. In 78% of cases, the initial antimicrobial agent was appropriate. The overall median time from sepsis recognition to initial antimicrobial administration was 140 minutes (IQR, 74-277 min) and to first appropriate antimicrobial was 177 minutes (90-550 min). Mortality did not differ between patients who received appropriate (12 Table 4 , delay from antimicrobial order to administration accounted for much of these differences. 
(2)
Streptococcus species 12 (9)
Streptococcus pyogenes 2 (2)
Streptococcus pneumoniae 5 (4)
Streptococcus agalactiae 1 (< 1)
Nonhemolytic Streptococci 1 (< 1)
Enterococcus species 5 (4)
Corynebacterium species 2 (2)
Gram-negative organisms 28 (22) Escherichia coli 4 (3)
Klebsiella species 3 (2)
Pseudomonas species 7 (5)
Enterobacter species 3 (2)
Proteus species 3 (2)
Citrobacter species 1 (< 1)
Haemophilus influenza species 2 (2)
Moraxella catarrhalis 2 (2)
Bacillus species 1 (< 1)
Neisseria species 1 (< 1)
Stenotrophomonas maltophilia 1 (< 1)
Mycoplasma

(2)
Mycobacterium species 1 (< 1) Tables 5 and 6 summarize the unadjusted ORs for death associated with progressive delays from sepsis recognition to initial (Table 5 ) and first appropriate (Table 6 ) antimicrobial administration. An escalating risk of mortality was observed with each hour delay from sepsis recognition to antimicrobial administration, although this did not achieve significance until 3 hours. Mortality was 21.2% for patients who received antimicrobials after the 3-hour time cutoff (Fig. 1) . The OR for PICU mortality was 3.92 (95% CI, 1.27-12.06) for more than 3-hour delay from sepsis recognition to initial antimicrobial administration and 3.59 (95% CI, 1.09-11.76) for more than 3-hour delay to first appropriate antimicrobial administration.
In multivariable analyses, PIM-2 score was the most important confounding variable (Tables 7 and 8) . Location of sepsis recognition and use of the sepsis clinical pathway were considered as potential confounders but were ultimately excluded because it was evident that these variables were in the causal pathway for early antimicrobial administration. After controlling for PIM-2 score, the OR for PICU mortality was 4.84 (95% CI, 1.45-16.16) for more than 3-hour delay from sepsis recognition to initial antimicrobial administration and 4.92 (95% CI, 1.30-18.58) for more than 3-hour delay from sepsis recognition to first appropriate antimicrobial administration (Tables 7 and 8) . A propensity score for receipt of antimicrobials within 3 hours was developed using variables associated with delayed therapy (Supplemental Table 1 , Supplemental Digital Content 1, http://links.lww.com/ CCM/B6) as well as age, PIM-2, and source of infection. By adjusting for this propensity score, we were able to simultaneously account for multiple potential confounders in a single model despite relatively few outcomes (34) . Administration of initial antimicrobials more than 3 hours from sepsis recognition remained an independent risk factor for mortality (OR, 3.83; 95% CI, 1.06-13.82) in the propensity-adjusted model (Table 7) .
Patients who received initial antimicrobial administration more than 3 hours from sepsis recognition had fewer organ failure-free days (median, 16 [IQR, 1-23] vs 20 [IQR, ; p = 0.04) after controlling for PIM-2, but there were no differences in vasoactive-free days, ventilator-free days, or PICU LOS ( Table 9) . However, the association of first appropriate antimicrobial administration more than 3 hours with organ failure-free days did not reach significance.
DISCUSSION
Delayed administration of initial and first appropriate antimicrobial therapy beyond 3 hours from recognition of severe sepsis and septic shock were independent risk factors for mortality in pediatric patients. Although we were not able to affirm the Surviving Sepsis Campaign recommendation to administer empiric antimicrobials within 1 hour of recognition of severe sepsis or septic shock in this pediatric cohort, it is evident that delays (> 3 hr) should be avoided. Our findings, while novel in pediatric sepsis, are consistent with reports in other populations. The largest study to date in adult sepsis reported a logarithmic relationship between the duration of hypotension before appropriate antimicrobial administration and mortality with an average decrease in survival of 7.6% per hourly delay (8) . A more recent study of adult ED patients with severe sepsis treated with an EGDT protocol also reported increased mortality when effective antibiotics were delayed beyond 1 hour (10). The FINNSEPSIS study group found delayed antibiotics beyond 3 hours to be the most significant early treatment variable associated with increased mortality (35) . Similar negative effects of delayed antimicrobial therapy on patient outcomes have been reported in critically ill cancer patients with sepsis (36), pneumonia (37), candidemia (11) , and meningitis (38) .
We chose to evaluate both initial and first appropriate antimicrobial therapy. Prior studies, however, suggest that time to first appropriate antimicrobial therapy is the critical determinant (8, 10) . One prior study found that hourly delays in time to initial antibiotics were not associated with mortality (27) . Although we acknowledge that time to first appropriate antimicrobial therapy is likely more important (39, 40) , measuring compliance with this goal in a clinical setting is nearly impossible in real time. Whether antimicrobial selection was appropriate cannot be known until well after the initial resuscitation period, and retrospective ascertainment of the appropriateness of antimicrobial therapy is subject to interpretation for the nearly one third of patients with "culture-negative" sepsis. Consequently, we felt it important to analyze both timing intervals recognizing that the utility of time to initial antimicrobial administration requires a high rate of appropriate empiric antimicrobial selection.
Our rationale to use the time elapsed from recognition of sepsis rather than onset of hypotension was based on three considerations. First, the Surviving Sepsis Campaign currently recommends that empiric antimicrobials be administered within 1 hour of the recognition of severe sepsis and septic shock, not onset of hypotension (7) . Second, since hypotension is a late finding in pediatric shock, time of sepsis recognition provides a more clinically relevant baseline from which to measure time to antimicrobial administration. For example, in a study examining an ED-based septic shock protocol in children, only 34% were hypotensive at triage (14) . Lastly, considering only the time elapsed since onset of refractory hypotension may miss an important window of opportunity to provide early therapy.
We defined sepsis recognition as triage time for ED patients and first sepsis-related therapy for inpatients in order to identify the earliest point of contact between clinician and patient that was triggered by sepsis. Gaieski et al (10) found that delayed antibiotics were associated with increased mortality irrespective of time from ED triage or qualification for EGDT. To reduce subjectivity, we considered only time from triage for ED patients (13) . For inpatients, prior studies have commonly used time of ICU admission as a starting point (36) .
Recognizing that initial therapy for sepsis often begins prior to ICU transfer, we used a composite measure for sepsis recognition time that included any sepsis-related intervention. Since our criteria for sepsis recognition differed between ED patients and inpatients, we looked explicitly at differences in time to antimicrobial administration between settings. Inpatients experienced a longer time to antimicrobial administration that was largely due to delays from clinician order to drug administration and lower utilization of the sepsis clinical pathway. Thus, differences in resource availability across hospital settings appeared to create a barrier to rapid antimicrobial administration for inpatients, consistent with prior studies (41, 42) . Strategies that streamline processes of care, such as utilization of clinical pathways, electronic order sets, rapid access to commonly used antibiotics, and nursing education, decrease time to antibiotics and may ultimately reduce mortality in pediatric sepsis (16, 17, 43, 44) . This study has several limitations. First, as it was performed at a single center, caution should be taken in generalizing these results to institutions with different resources or that use other management strategies. In particular, measuring time to initial antimicrobial administration will only be relevant if a high proportion of patients receive appropriate empiric therapy (78% in this study), as it is unlikely that ineffective antibiotics benefit patients (40) . Second, because we use standardized antimicrobial doses that reflect local pathogen susceptibility, we were not able to determine whether differences in antimicrobial dosing strategies may impact outcomes. Third, we lacked sufficient power to rule out a mortality risk with time cutoffs less than 3 hours. Larger studies are needed to determine whether the current guideline to administer empiric antibiotics to children within 1 hour of sepsis recognition confers incremental benefit over a 3-hour cutoff. Fourth, it is possible that rapid administration of antimicrobials is a marker of the overall intensity of care provided rather than a cause of mortality itself. However, our study strengthens a consistent observation across diverse study populations that delayed antimicrobials are associated with adverse outcomes. Finally, our ability to build large multivariable models was limited by a low number of deaths (45) . To avoid model overfitting, we used a "change-in-estimate" strategy that has been used to evaluate for confounding in prior observational studies (46) . We also performed a propensity score-adjusted analysis to simultaneously control for multiple covariates associated with delayed antimicrobial therapy. The consistent findings across these two analytical approaches strengthen the validity of our observed association between delayed antimicrobials and outcomes.
However, we cannot rule out the possibility that an unmeasured factor confounded these findings.
CONClUSIONS
Delayed antimicrobial therapy beyond 3 hours from sepsis recognition was an independent risk factor for mortality and prolonged organ failure in pediatric severe sepsis and septic shock. In keeping with current guidelines, empiric broad-spectrum antimicrobial therapy should be prioritized in the initial resuscitation of pediatric sepsis. Given the trend toward an escalating risk of mortality with delays of 1 and 2 hours from sepsis recognition to antimicrobial administration, further study is needed to define the optimal timing of antimicrobial administration in the pediatric population but delays more than 3 hours should be avoided. 
